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lIRIIE-FLIGETAERODYNAMIC-HEATINGDATA AT MACH ~

UPTO 10.9ON A lILAT-FACEDCYLINDER

By Wil.lismM. Bland, Jr., Andrew G. Swemon,
end Ronald Kolenkiewicz

9u@o!RY

A five-stage rocket-propelledmodel has been flown up to a Mach num-
ber of 10.9 and a corresponding free-stream Reynolds number of 6.57x 106,
based upon nose diameter. Maximum Mach number was attained at an altitude
of 49,500 feet as the model flew along a reentry-type trajectory at neerly
zero angle of attack. Temperatures ware measured at 16 stations on the
inside of a flat-faced cylinder made of copper. Maximum temperatures of
1,085°F end 820°F were measured inside the flat face e.udthe cylhdrical
sides, respectively, at the end of the test. Aerodynamic-heating rates,
derived from the temperature measurements =d corrected for conduction
effects, reached a maximum value of about 495Btu/(sec)(sq ft) on the
flat face (neex the corner) end less than 170 Btu/(sec)(sqft) on the
cylindrical sides.

~ertientala erodynsmic-heathg rates near the center of the flat
face, though generdlly lower, varied about the seineas that predicted by
a theory for equilibria-dissociated leminsr flow as the Mach number
increased. The experimental heating rates increased as the corner was
approached with the rate at the temperature measuring station nearest the

corner for which heat-trsmsfer data could be obtained be- almost 1* times

the rate neer the center of the flat face. on the cylindrical sides of
the nose, well downstream of the corner, the heating rates were low and
appeered to agree fairly well with theoretical values for lsminar flow.

INTRODUCTION

The problems associated with aerodynamic heating of bodies mom
at supersonic end hypersonic speeds ere currently being investigated by
the Langley Pilotless Aircraft Research Division by means of techniques
that utilize rocket-propelledmodels h free flight. Results of some
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recent flight tests during which aerodynamic heating was measured on the
noses of fairly slender bodies ‘ofrewlutton are reported in reference 1
at Mach numbers up to 10.4, in reference 2 at Mach numbers up to 9089,
and in reference 3 at Mach numbers up to 15.5. Other flight tests have
been conducted to investigate anticipated benefits of nose blunting (as
discussed h ref. 4) in reducing the aerodynamic heat transferred to
noses. Results of sane of these tests are presented in reference 5 at
Mach numbers up to 14.6 end in reference 6 at Mach numbers up to 6.7.
A perfectly flat nose (flat-faced cylinder), which is an extreme case
of blunting, was tested as reported in reference 7 up to a maximum Mach
number of 13.9 at an altitude of 81,500 feet where the free-stream
Reynolds number was 1.60 x 106, based upon the nose diameter.

—

The present report presents results of a flight test of another
model with a flat nose of s~lar size and construction as that of ref-
erence 7. The test was made with the same five-stage ro~et system
used for the tests of references 3, 5, and 7, but was made along a
reentry-type trajectory that resulted in lower altitudes at the time of
maximum Mach number. This tra~ectory resulted in amsximum Mach number

%
of 10.9 at an altit e of 49,300 feet where the free-stream Reynolds
number was 6.57 x 10 , based upon nose diameter.

The flight test was conducted at the Lsmgley Pilotless Aircraft
Research Station at Wallops Island, Vs., on June 19,1957.Thefourth-
stage rocket motor (JATO, 1.52-KS-33,550, Xll19“Recruit’’).Usedin this
investigation was made avaikable by the

SYMBOIS

An+l cross-sectionalarea between
unless otherwise specified

An-1 cross-sectionalarea between
unless otherwise specified

Ap cross-sectionalarea of pipe

ao speed of sound at stagnation

c specific heat, Btu/slug-%

~ acceleration due to gravity,

U. S. Air Force.

elements n end n + 1, sq ft

elements n and n - 1, sq l%

support, Sq ft
—

point, ft/sec

32.2ft/sec2

h
CT ~2

enthal~,
-Z+T#

Btu/lb
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mechanicalequivalent of heat, 778ft-lb/Btu

thermal conductivity,Btti/(ft)(see)(OR)

distsnce between thermocouple locations of elements n and
n + 1, ft unless otherwise specified

distmce between thermoco~le locations of elements n and
n- 1, ft unless otherwise specified

distance between th-couples 13 and 14, ft

disteuce from forwszd end of pipe support to thermocouple 13,
ft

Mach nunber

Lewis number

Nusselt number

Stanton number

Prandtl number

heating rate.,Btu/(see)(sq ft)

chsmge in q due to heat losses through pipe support,
Btu/(see)(sq ft)

radial length to thermocouple n, ft

mesn radius of pipe support, ft

nose radius, 0.2135 ft (2.5625 in.)

Reynolds number based on free-stresm conditions

Reynolds number based on local conditions snd momentum thiclmess

surface area exposed to airstreem of element n, sq.ft unless
otherwise specified

the, sec
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T temperature, ‘R or ‘F

v velocity, ft/sec

Vc ambient acoustic velocity, ft/sec

x distance along surface of nose stsrting at stagnation point, ft

()duGo velocity gradient at stagnation point, l/see

e boundary-layermomen~um thickness, ft

P density, slugs/cu f%

T thickness, ft

Subscripts snd abbreviations:

a aerodynamic heating (data corrected for lateral heat flow)

n element or thermocouple number

o local flow conditions at stagnation point

P pipe support

s local flow conditions at stagnation point based on wall
temperature

t stagnation point

t,th theoretical stagnation point

T.C!. thermocouple

w wall or skin

1-D OIle dtiensional

m free stream

.

.

.
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MODEL, INSTRUENTJWION, AND TEST TECENIQTJE

Model

The model, as shown in figure 1, was a body of revolution 63.5o fiches
long havinga flat nose, a stepped cyltitiical midsection, end a conical
frustum with a total angle of 20° at the tail.

The 5.1.25-inch-diameternose, shown in detail in figure 2, was
machined from electrolytic copper. The nose was mdnally 0.200 inch
thick along the fl.atface and 0.133 inch thick along the cylindrical
sides. lhside the nose was a steel rad.lationshield that protected the
Instruments and telemetering equipment from radiation from the hot nose
walls. The shield joined the rear of the nose through en insulating
Micsxta support. A short steel pipe projected forward from the front
of the radiation shield to provide additional support for the front face
of the nose when the copper became hot. At ambient sea-level conditions,
the pipe did not touch the inside surface of the front face, but was
sepsxated from this surface by a 0.020-inch-wide air gap. Late in the
test, when the front face became hot aud deflected slightly under the
airload, it touched the pipe which gave additional support to prevent
further deflection.

The forwsxd cylindrical midsection of double-wdd. construction
housed most of the telemetering equipment. A short conical frustum,
having a total angle of 20°, connected the forward cylindrical section
with the larger reer section which contained the f~h-stage rocket
motor.

Stabilization of the model was achievedby a conical frustun having
a total angle of 20° attached to the rear of the maiel. k addition to
stabilizing the model, the frustm also served as an extension to the
rocket-motor nozzle.

All external surfaces of the model were polished. Measurements
indicated en average surface roughness of about 70 microinches across
the flat face and about ~ microfiches along the cylindrical surfaces of
the test nose. Photographs of the nose and of the complete model sre
presented in figuxes 3 end 4, respectively.

Instrumentation

Measurements by 18 thermocouples snd 4 accelerometers were transmitted
during the flight test by a
made
into

of no. F gage phrcinel
balls that were peened

/
///

six-cGannel telemeter. The thermocouples were
end alumel wires which were beaded together
into small holes in the inner surface of the
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copper nose at the positions indicated in
stagnation point to each thermocouple and

figure 2. Distances from the
the wall thickness measured at .

each thermocouple station are also presented in figure 2.

Three constant voltages and the outputs of each of’six thermocouples
were commutated and trsnsdtted on one telemeter chennel at rates of about

w

6 times per second snd12 times per second, respectively. On another
telemeter channel, three constent voltsges and the outputs of 12 thermo-
couples were commutated sad transmitted at rates of about 6 tties per sec-
ond. The constsnt voltages were chosen to be equivalent to the lowest,
middle, and highest temperatures anticipated in order to serve as en
infllght calibration of the thermocouple-telemetersystems.

Each of the remaining four telemeter channels was used to transmit
continuous measurements of one of four accelerometers;two measured longi-
tudinal.acceleration, one measured transverse acceleration, end me meas-
ured nomnal acceleration. These accelerometerswere .calibratedh
stsmdard earth gravitationalunZts for the following ranges in which the
positive values indicate thrust or positive force acting on the model:

One longitudinal accelerometer,g units . . . . . . . . . . -25 to 140
One longitudinal accelerometer,g units . . . . . . . . . . -100 to lho
Transverse and normal accelerometers,g units . . . . . . . -25 tO 25

Other instrumentation consisted of ground-based radar units for
measuring model velocity and for obtaining the position of the model in
space. The velocity measuring unit tracked the model for the first
30 seconds of the f~ght. For times thereafter, velocity was obtained
by differentiatingrange data and integrating the longitudinal-
accelermeter measurements. Atmospheric conditions and wind data were
measured to an altitude of 103,000 feet by a rawhsonde carried aloft
by a balloon which was trackedby a modified radar unit. These meas-
urements were made at the altitude of the hypersonic portion of the
flight within approximately 30 minutes of the flight.

Test Technique

The desired perfo-ce was attained by using a five-stsge propul-
sion system Consistti of solld-fusl rocket motors. The model, which
contained one of the’rocket motors, and the four booster stages are shown

—

h figure 5 as they appeared just after take-off from the launcher. Char-
acteristics of the rocket motors employed during the flight test are pre-
sented h table I.

.

The model-booster combinationwas launched at en sngle of 73° above
the horizcmtal.. The first two stages, in delayed sequence, were used to w



NACA RM L57K29 7

propel the remaining stages along a ballistic trajectory that reached a
peak sltitude of approximately 92,500 feet. Coasting flight continued
after peak altitude until a preset.ttier i~ited the thixd-stsge rocket
motor at 97.04 seconds. At this the, the flight-path angle was 33°
below the horizontal. After the third-stage rocket motor burned out,

the model and attached booster stsges coasted for about ~ seconds so

that the madamm velocity portion of the flight test would occur at low
altitude~. The last two steges were fired in rapid se~ence to accelerate
the mcdel to the msxtium Mach number at en altitude of 49,300 feet.

DATA REDUCTION

The aerodynamic-heat~ rate at each temperature measuring station
was obtained by first making a one-dimensionalthick-wall smJysis with
the method of reference 8. For the present anslysis, a constant value
of wall specific heat was assumed, the value used being that for a tem-
perature midway between the highest and lowest measured temperatures for
each station. (The use of a constant specific heat should introduce
smaXl error in the data.) The histories of the inside wall temperatures
(obtained from faired curves through the measured data points) were used
to compute the histories of the outside wall temperatures. These com-
puted outside wall temperatures were then used to determine a heat input

.to the wall. Values of the heating rate thus obtained by the one-
dimensional analysis were further corrected for the lateral heat flow
caused by the temperature gradients along the skin snd for heat flow into
a pipe support behind the flat face to give the aerodynmnic-heatbg rates.
Radiation losses have been estimated to be negligible ad have, therefore,
been neglected.

This method of data reduction assumes that the lateral and pipe-
support heat flows do not affect the temperature gradient through the
skim (that is, that the tidepen&nt heat flows calculated can be super-
imposed). Except near the corner, this assumption is believed to be
reasonably valid and to introduce negligible error. Corner effects are
discussed subsequently.

Calculations of the lateral-heating-ratevalues were carried out in
a manner similer to that applied in reference 7, that is, the nose was
divided into snnulsr elements, one for each thermocouple position, aud
it was assumed that the temperature of each element was that of the
included thermocou@e. The following relation was used to calculate the
aerodynamic-heatingrate to any element n except for elements 2 and 3
where additional corrections were needed:
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Evaluation of ~-l, &+l, Sn, Zn-l) and Zn+l iS

.

(1)

.

straightforward

except in the region of the corner. Here the presence of severe lateral
temperature gradients end question as to the validity of the one-
dimensional analysis make rather dubious the superposition of the tide-
pendent heat-flow calculations. Combined with a marked sensitivity of
lateral-heat-flowcorrections to relatively small.changes in assumed
block arrangements, this renders great uncertainty to results obtained
in the corner by this method. For completeness,however, A, S, and Z
for one assumed block arrangement are presented for all stations in the
following table, and these values were used to obtain the results pre-
sented In this report:

n

1
2
3
4
5
6

An-l, S~ h.

0.314
.314
.942

.1.571
2.262
2.796
3.860
2.0%
2.086
2.086
2.086

0.314
.942

1.571
2.262
2.796
3./%0
2.086
2.086
2.085
2.o&5
2.086

0.196
1.571
3.142
5.270
3*374
5.076
10.%8
4.830
7.648
12.881
20.528

0.625
●375
.~o
.500
.600
.250
●350
.250
.350
●600
1.000

Zn+l> iI1.

0.375
.500
.500
.600
.250
.350
.250
●350
.600
1.000
1.550

The temperatures forming the forcing functions for the l.ateral-
heat-flow terms in equation (1) were assumed to be the mean temperatures
through the waSi as expressed by

Toutside - Tfiside
Tua = T~s~e +

3

.

P-

(2)

.

.
Equation (2) is exact for a rsmp-type heat input.

I
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Other corrections to the heating rates at temperature measuring
stations 2 - 3 were necessary to account for heat flow tito the pipe
support whenever the front face deflected enough to touch the pipe. This
flow was accounted for by the following eqyations:

where

[

(PcT)p2qnp ~w

()
1

* T13-T14C2
f%= ~2 ’13 ~13 + 213-14 S2

(3)

-1

[

(Pdparm,p
&3 “

‘3 ()d!l?w
1

* %3 - %4 ~3
213— +— (4)

dt 13 213-14 ‘3

%=x
T2 + T3

and

T3
C3 =

T2 + T3

The first term withti the brackets of equations (3) end (4) represents
the portion of the heat flow that raised the temperature of the pipe at
the forward temperature measuring station, and the second term represents
the heat flowing from the first to the second temperature measuring sta-
tions, The terms within the brackets are modified by C2 and C3 which

proportion the quantity of heat supplied to the pipe by each block.

This meth~ underestimates the heat flow into the pipe somewhat since
it neglects some of the heat stored ti the region between the front end
‘ofthe pipe support end the forwd thermocouple (because of the probable
existence of higher temperatures at the forward end of the pipe then at
the forward thermocouple). The amount of heat stored in this manner is
expected to be small. A straight-line extrapolation of the temperatures
at the two temperature measuring stations on the pipe to the forward end
of the pipe support was also used to estimate the heat flow down the pfpe.
Results obtained were shilsr to the ones obtained by the present analysis.
The maximum correction to the heating rates because of heat flowto the
pipe was 4.4 percent at station 2 end 6.8 percent at station 3.
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ACCURACY .

The measured temperatures are beliemd to be accurate within *1 per- -
cent of the full-scale range of the th-couples. Therefore, any tem-
perature measurement is believed to be accurate to within k24° F. Values
of the one-dimensionalheating rate are believed to be accurate to within
*5 percent on the flat face and fi5 percent on the cyl-hdrical sides during
periods of high heating rate. The accuracy of the calculated lateral-
conduction heating-rate values is not known; howaver, at the temperature
measuring stations where the conduction corrections are small, large
errors in conduction heating rate would have a small qffect on the msgni-
tude of the aerodynamic-heat- rate. For temperature measuring stations
near the corner of the nose, the calculated lateral-conductioncorrections
were large and were sub~ect to considerable variation in magnitude. There,
changes h magnitude were dependent upon the particular physical param-
eters used in computing the lateral-conductionheating rate; thus,
aerodynamic-heatingrates for the corner region could be in considerable
error end are not presented herein. The possible error in Mach number at --—
the time of third-stage ignition is estimated to be about *0.1. Because
of the method used to obtain velocity after ignition of the third-stage
rocket motor (integrationof the longitudinal-accelerometermeasurements),

.

the possible error b Mach number accumulated to the end of the flight
test. This error in Mach number amounted to about *0.7 between the time
of ignition of the third-stage rocket motor and the end of the flight.
Therefore, the Mach number at the end of the test is estimated to be
accurate within .w.8. In view of the consistency of velocity increments
obtained from trajecto~ computationsUS* esthated drag and rocket-
motor performance with those obtained from comparable rocket motors of
the model reported herein end those of references 3, 5, and 7, it is
believed that the Mach numbers quoted in this report are more accurate
than the aforementioned ti.8.

RESULTS AND DISCUSSION

Flight !l!est

Flight-test data were obtained as the model went along the trajectory
shown in figure 6. Thea of significant events are indicated on the tra-
jectory. Performance of the model and atmospheric conditions along the
flight path as measured by the ratisonde are presented as functions of
time in figures 7, 8, and 9. A maximum Mach number of 10.9 was attained -
at an altitude of 49,300 feet as the model flew along a reentry-type tra-
jectory that was inclined about 38° below the horizontal at the time of
maximum Mach number. At the time of maximum Mach number the free-stream -
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Reynolds number was 6.57 x 106, based upon body dAemeter. The Reynolds
number based upon the momentum thiclmess at the most outboard statim on
the flat face Re was 202. (The Reynolds number based upon the momentum

thickness was calculated by the approximation Re = 0.664@ (ref. 9)

where ~ is the integrated Reynolds number. The calculated pressure
distribution for M = 1.5 from ref. 10 was used to calculate the tite-
grated Reynolds number.)

Wall !l!emperatures

Time histories of measured inside wall temperatures at several meas-
uring stations on the nose are presented in figure 10 for the time interval
between 101.0 and 1.10.3seconds. The curves presented sre fairings through
the measured data points. These data points were no more than *20° R away
from the faired curve (except for a few isolated potits) and were generally
less than *5° R away from the faired curve. Temperatures picked off the
faired data curves at each temperature measuring station are presented at
0.2-second intervals in table II. The measured wall temperatures increased
rapidly at the end of the flight test to maximum values of 1,085° F at

. temperature measurimg station 5 (x/R = 0.820) on the flat nose and 8200 F
at temperature measuring station 7 on the cylinder. Msximum rates of tem-
perature rise at these stations were 428° per second and 3280 per second,

“ respectively.

Ikm 107.7 seconds to 108.8 seconds (most of the titerval of fourth-
stage rocket-motor firing), the temperatures were not commutated because
of a tempasz’y malfunction in the switching mechanism. Data presented
for this interval were obtained by ~otiing measured temperatures on either
side of tbe interval with a faired curve. These fair3ngs, through neces-
sity, were somewhat =bitrary, but were tempered by mskhg them vary k
about the ssme mszmer as the temperature did at the temperature measuring
station on which the switch@ mechanism stopped (temperature measuing
station 1).

A computationalmethod of reference 8 was used to calculate the tem-
perature difference through the wall material so that the outside wall
temperature, presented for several stations in figure 11, could be deter-
mined. Maximum temperature differences through the corner wall were .
fouudto be 55° R through the 0.200-tich-thick flat nose and 28° R through
the 0.133-tich-thick copper on the cyltidrical sides.
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Heat-Transfer Data

Values of the heating rate have been coquted
and.ysis of reference 8 (asdiscussed in the Data
this report) at each temperature measur

?
station

tions immediately adjacent to the corner stations

.

by the one-dimensional
Reduction” section of .

except at those sta-
6 and7). The heat-

flow mechawlsm in this region is believed to be too complex to be properly
represented by the one-dimensionalanalysis. Time histories of the com-
puted heating rates are presented in figure I-2. Data points shown in
this figure represent values that have been computed from the one-
dimensional analysis. An Idea of the accuracy of these heating rates can
be obtained by comparing the datapofits with the curve fairedthrough
these points. Most of the data points agree with the fatied curves witkdn
*5 Btu/(sec)(sq ft) which emouuts to a difference, when the heat= rates
are highest, of about A2 percent on the flat portion of the nose and about
A1O percent on the cylimh?ical portion. The distribution of the mean tem-
perature across the flat nose and on the cylindrical sides is presented
in figure 13 at selected tties. From the temperature distribution, it
is possible to observe by the magnitude of the temperature gradients that
the conduction effects should be small at the earliest tties for which
data are presented, increase with Mach number (and time), and be largest
in the region of the corner. These observations are borne out by the
results presented in figure 1.2which shows a comp=ison between the one-
dimensional heating rates and aerodynamic-heatingrates (the greater the
difference between the curves the greater the lateral-conductioneffects).
The large effect and erratic behavior of the lateral conduction at sta-
tion 8 probably result from incorrect mean temperatures at station 7
which stem from the Inability of the one-dtiensional_sis to cope
with the heat flow in the region of the corner. Therefore, it is sug-
gested that the aerdynsmic-heating data presented for station 8 be
treated as qualitative data.

Duringthe times when the heating rates are high (after 108.8seconds),
the lateral-conductioncorrections, except near the corner, are probably
fairly accurate end say inaccuracieswould probably not have significeat
effects on the overall picture. Before reaching 107 seciXxis,when the
heating rates are low, the possible inaccuracies of the temperature meas-
urements and the corrections lend sufficient uncertainties to make the
aerodynamic-heatingrates qualitative in nature.

Heat flow to the pipe support, which started after the front face
made contact with the pipe at about 108.8 seconds, can be seen to ham
fairly small effect upon the aerodynamic-heatingrates in figure 12.
Contact between the front face, which was hot, and the pipe was signal.led
by en abrupt increase in the temperature of the forwszd end of the pipe.

.

.

.
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At the end of the test, the
temperature measuring station 5,
from the stagnation point to the
station of highest heating since

13

highestheating rate was found to be at
which was located 0.82 of the distance
comer. However, this may not be the
the one-Umenslonal analysis supplied

to the data w& not consi~red applicable at station 6, ~ich was located
nearer the corner.

Meakwrement Repeatability and Effects of Angle of Attack

Some idea of the repeatability of the measurements end the effects
of angle of attack can be obtatied from the measured inside temperatures
and one-dimensional heathg rates presented h figures 14 ~ 15. ~
figwe 14, temperature measurements end one-dimensional heating rates
ere presented for four temperature measuring stations on the flat nose
equidistant frmn the center of the nose, but located 90° apart. Figure 15
contains temperature measurements end one-dimensionalheating rates for
two temperature measuring stations that were located the same axial dis-
tance bebind the
of these figures
in the main line
crosses the flat

In general,
heating rates at
end levels. The

corner, but on o~osite sides of the cylinder. Iu each
the temperature measuring station marked “a” is located
of thermocouples that sterts near the center of the nose,
nose, and extends along the cylinder.

the measured wall temperatures and the one-dimensional
the four stations on the flat face show the sane trends
temperature at station c is shown to be higher than the

temperature at the other stations during the last pert of t~ test, but
only during the interval when the temperatures were not measured
(t = 107.7seconds to t = 108.8 seconds) do the faired cucves differ
enough to approach the magnitude of the quoted possible error. The one-
dimensional heating rates on the flat nose are In fairly good agreement
with one saother. At the end of the test, differences between heating
rates were of the order of the estimated accuracy.

On the cylinder, the measured temperatures and heating rates through-
out most of the test were highest at temperature measuring station b.
The differences noted in temperatures were about twice the size of the
esthated possible errors.

From this discussion, it appears that effects, if any, of angle of
attack on the heating of the front of the flat nose are submerged in the
possible error of the measured t~peratures and, thus, can be considered
to be small. On the other hand, the differences observed in measured
temperatures snd one-dhnenslonel heating rates at diametrically opposite
temperature measuring stations on the cylinder are large enough to be
studied in con@nction with the estimated augle of attack.
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The angle of attack was not measured directly during the flight test;
however, measurements made of accelerations along axes 90° apart in a plqe
normal to the longitudinal exis of the model made it possible to calculate
the megnitude and dtiection of the force coefficient in a plane normal to
the longitudinal sxls. Results of these calculations combined with an
estimated normal-force slope of 0.0709 per degree (as used in ref. 7),
which is asstied to be lineex at small angles of attack, indicate a trim
engle of attack of about 1.1° with superimposed oscillations of about
*0.90. Thus, maxhnum angles of attack of about 2.0° are estimated to
have occurred during the flight”of the model (at times after 109.03 sec-
onds). The engle of attack was zero for the earlier part of the flight
test. During the the that the model was at en angle of attack, it was
also apparently rolling in a random manner that resulted in placing the
temperature measuring stations on the cylinder on the windward (high
heating) side at vsrious tties for very short periods of time, thus
making it impossible to say that the difference in temperature end one-
dimensional heating rate was due to the estimated angle of attack.

A possible explanation for the difference in heating on the sides
of the cyltider concerns the manner in which the flow reattaches down-
stream of the flat nose (sround the corner); that is, an unsymmetrical
reattachment pattern caused by an unsymmetrical nose or unsymmetrical

.

flow (small .an@e of attack) could possibly cause differences in heating
on the sides of the cylinder.

.

Comparison of Measured and Theoretical

Stagnation-PointHeating Rates

The aerodynsmi.c-heatingrates (one-dimnsioqal heating rates corrected
for lateral heat conduction) near the center of the flat face (temperature
measuring station 1) me compared in figure 16 with theoretical stagnation-”
point heating rates predicted for laminer flow for a real gas by the method
of reference XL, which assumes equilibrium dissociation in the boundary
layer. The theoretical values were obtained by evaluating the expressicm

—-

.

,
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where

for

Nk=l

‘Pr = 0.71

Psmmeters dependent upon wall temperature were evaluated at the outside
wall temperature at temperature measuring station 1.

As in reference 7, the flow properties were obtained by applying the
perfect gas relations of reference 1.2. Values of the viscosity of air
were obtained from the Sutherland relation which has been shown, as dis-
cussed in reference U., to tie suitable predictions at temperatures below
16,200° R. The nondimensional rate of change of veloclty at the stagna-

()

R dution point —— = 0:3, as discussed in the appendti of reference 7,
aodxo

was obtained from a calculated pressure distribution for a Mach number

of 1.5 (ref. 10). For the calculations h the present report,
--()

R du
ao=o

was assumed to be invariant with Mach number.

A comparison of experimental results with theoretical values in fig-
ure 16 shows gocd agreement through a large portion of the test. During
the early pat of the test (before 107 seconds) when the Mach nunibers
were relatively low and the aerodynamic heating was low, the somewhat
erratic behavior of the e~erimentsl results was probably due to the
uncertainties h the temperature measurements and in the conduction cor-
rections. During the time of the test when the Mach number was high,
the experimental heating rate increased about the sane as that predicted
by theory, but at a somewhat lower level. Differences between e~eriment
and theory of about the sane magnitude were also noted in reference 7.
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Measured and Theoretical Heating Rates
.

Over Front snd. Side of Nose

.Variations of the ratio of local aerodynamic-heatingrates to theo-
retical.stagnation-pointheating rates (ref. 11) with location on the
nose are presented in figure 17 for several selected times. Before a
time of 109 seconds, the vsriatlon across the flat face is irregular
because of the previously mentioned uncertainties in the data, but after
109 seconds (when the heating rate was high) the local heating rate gen-
erally increased as the corner was approached. Also, the local heating
rates inboard of station x/R = 0.65 were less than those predicted for
the stagnation point by the theory of reference 11. The data presented
include the effects of the pipe support on the two stations affected by
this heat loss (x/R= 0.195 and x/R = 0.390). Reasonably large changes
in heat loss to the support ham little effect upon the magnitude of the
data, thus indicating that the presence of the pipe support had little
effect on the data.

Ratios of local heating rates to stagnation-pointlaminar heating
rates have also been calculated by the methods of references 13 snd 14
for conditions existing at M = 1.5 and by the calculated pressure dis-
tribution (M=

.
1.5) presented in reference 10. These ratios, included

in figure 17(a), show an increase in heating rate as the corner is
approached that is much the ssme as that exhibited by the experimental
data at Mach numbers greater then 10.0.

r-

It should be noted .thatthe magnitudes of the ratios ~alculated by
—

the methods in references 13 sud 14 should not be compared--withratios
made up of the experimental heating rates and the theoretical stagnation-
point values computed by the method of reference Il. However, it is
believed that the variations of these ratios across the flat face sre
comparable.

Since the aerodynamic-heatingrate near the center of the flat face
showed good agreement with values predicted by laminar theory (ref. 11)
ad the variation across the face was about the same as that predicted by
other laminsr theories (refs. 13 and 14), it seems reasonable to beliews
that the flow was lsminar on the flat face; this was true at least as
close to the corner as station x/R = 0.82 which was the most outboard
position on the face for which aerodynamic heating was obtained. Thus,
lsminar flow was obtained for values of Re as high as 162–at a time

when the ratio of wall temperate to total temperature (assuming that
specific heat was constant) was about 0.1.

—

It can also be noted that, in general, the experimental heating rates
on the face increased more rapidly than the predicted stagnation heating
rate u the free-stream Reynolds number increased from 10.8x 106
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.

.

(t = 109.0 seconds) to 15.40 x 1C6 per foot (t = 110.2 seconds); whereas
the Mach number remained relatively constant, and increased from 10.~
tO O* 10.92.

The variation with location of the ratio of local aerodynsmic-
heating rates to the theoretical stagnation-petit heating rates (ref. 11)
for temperature measuring stations along the cylinder (fig. 17(b)) is
very irregik (even shows negative rates) near the corner. (The
conduction-correctionvalues here sre admittedly inaccurate.) Downstream
of the corner (x/R > 1.4), the heat- rates become less erratic and, when
compared with calculated heating rates based on lsmimm and turbulent flow,
show better sgreement with the values for lsminar flow. Experimental
values presented in figure 17(b) for the temperature measuring station at
x/R = 2.5~ do not include conduction corrections stice no wall tempera-
tures were measured downstream of this station. Conduction effects at
this station should, however, be similar to those for the two stations
immediately upstream: namely, smell.or negligible. Theoretical values
on the cylhtiical. sides were calculated by using the lsminsx flat-$hte
theory of reference 15 endVsn Driest’s turbulent flat-plate theory as
presented in reference 16 and modified by the Reynolds snalogy relation

Nst = o.6cf

as suggested b reference 17. Local flow conditions were calculated by
assuming that the pressure along the cylinder was eqpal to the free-
stresm ambient pressure and that the flow adjacent to the boundary lqer
had passed through a normal shock. The local viscosity was evaluated at
the local temperature by the Sutherland relation; the recovery factors

1/2 end ‘Nwl/3 for lsminsr and tmbulent flow, respectively, wereNm
based upon the outside wall.temperate; and the Reynolds number was based
upon the distsnce from the stagnation point.

The values of the ratio of local one-dhensional heating rates to
the one-dimensional heating rate at thermocouple 1 (near the nominal
stagnation petit) are presented in figure 18. The data sre presented in
this mezmer to show that, for this nose shape and for the conditions of
the test, the heattig waa relatively uniform across the front face and
the effect of conduction through and along the skin kept the heating rates
at the corner relatively low instead of high as predicted by theory.
This ssme effect is apperent in the temperature distribution presented in
figure 130 Relieving effects of this nature could be of tiportance in
the practical design of a missile nose.
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CONCLUDING REMARKS
.

Temperature measurements have been made at 16 stations on the inside
. of a flat-faced cylinder that was tested on a rocket-propelledmodel up

to a maAmumMach number of 10.9 at an altitude of 49,300 feet.’ The model
flew along a reentry-t~e trajectory at nearly zero angle of attack during
the high Mach number portion of the test.

Maximum temperatures of l,O@O F end 820° F were measured tiside the
flat face end the cylindrical sides, respecti~ly, of the copper nose at
the end of the test. Aerodynamic-heatingrates derived from a one-
dimenslonal analysis of the temperature measurements and corrected for
lateral-conduction effects reached a maximum value of about
495 Btu/(sec)(sq.ft) on the flat face (near the corner) and less than
170 Btu/(sec)(sq ft) on the cylindrical sides.

Experimental aerodynamic-heatingrates near the cen~er of the $l@t
face, though generally lower, varied about the ssme as that predicted
by a theory for equilibrium-dissociatedlsminar flow as the Mach number
increased. Also, the variation of the experimental heating rates across
the flat face was about the ssme as that predicted by theory at a Mach
number of 1.5; that is, the heating rate at the temperature measuring

.
station newest the corner was almost 1$ times the heating rate at the—
center of the flat face. On the cyltidrical sides of the nose, we~
downstream of the corner, the heathg rates were low and appeared to
agree fairly well with theoretical.values for lsminar flow.

.

.

*

Langley Aeronautical Laboratory,
—,—

National Advisory Committee for Aeronautics,
Langley Field, Vs., November 12, 1957.
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3tagf3
Propellant Mctor Stage combination Average B1.uning

aelxignation weight, lb wei.&t, lb we fght, lb weQht, lb thrust , lb Mx09, sec

(a) a)

1 346 JA~ 2,050.0 3,874 4,10a 7,177 83,yM 4.4
“Honast JohuW

2 M5 JATO 740.0 l,M!O 1,312 3,W7 45,000 3.10

“Hike”

3 ~nJ~~ 740.0 I,leo 1,298 1.,765 45,000 3.10

4 !l%4 268.0 355 388 467 N,d!o 1.5
“Recrd,t”

5 T35 33.6 40 79 79 4,* 1.6

%ati from manufacturer’s speciflcationa.
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Figure 3.-Photogpaph of nose. L-57-2395
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